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The contributions of molecular and fragment ions toward the disparate self-chemical ioniza-
tion (SCI) of -pinene and camphene isomers were investigated. A kinetic model was
constructed to predict the SCI outcomes for these two C10H16 isomers. A major portion of the
camphene molecular ions (isolated 500 ms after the 10 ms EI event at 24 eV) unimolecularly
dissociated within 200 s of the ionization event. Conversely, under similar experimental
conditions, the -pinene molecular ions as well as the major fragment ions of -pinene and
camphene showed no unimolecular dissociation. The -pinene and camphene molecular ions
yielded product ions through two different reaction mechanisms (direct charge-transfer {CT}
and indirect proton transfer {PT}). The isolated terpene fragment ions at m/z 93 and 121 reacted
with their respective neutrals to produce [M  H]. Proton affinity (PA) bracketing
experiments, PA additivity schemes, and alkene PA versus adiabatic ionization energy (IE)
linear correlation indicated that the PAs of camphene and -pinene were comparable (210 
2 kcal · mol1). The observed [M  H] SCI terpene ions were mainly the products of various
fragment ion reactions. (J Am Soc Mass Spectrom 2007, 18, 2026–2039) © 2007 American
Society for Mass SpectrometryPreviously, we used a pre-concentrator gas chro-matography Fourier transform ion cyclotron res-onance PC/GC/FT-ICR) mass spectrometer for
headspace analysis of detached pine twigs [1]. It was
observed that the GC eluted camphene (C10H16) under-
went SCI whereas the other terpene isomers (C10H16)
did not show any significant SCI products. This was
evidenced by a smaller m/z 136:137 ratio (1:1) for
camphene compared with other GC eluted terpene
isomers (such as -pinene), which showed “normal”
natural isotopic abundance (1:0.1). The variations in
the observed SCI patterns for -pinene and camphene
isomers sparked our interest to find the reasons for their
different SCI propensities. The chemical structures of
-pinene (1) and camphene (2) isomers (C10H16) are
shown below.
The ion-chemistry of monoterpenes has been studied
by a number of experimental methods such as electron
ionization [2, 3], varying the ion source temperature [2, 4],
photoelectron spectroscopy [5–7], field ionization [8],
collision-induced-dissociation [2, 9], surface-induced-
dissociation [2], isotope labeling [10, 11], metastable ion
spectroscopy [11–13], and charge-stripping spectros-
copy [14]. Thomas and Willhalm [15] recorded the
electron impact mass spectra of 30 monoterpenes and
proposed fragmentation mechanisms. The fragmenta-
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doi:10.1016/j.jasms.2007.08.016tion mechanisms for terpene ions may involve extensive
scrambling and rearrangements and therefore at best
are tentative [10, 11].
Proton transfer reaction-mass spectrometry (PTR-
MS) has been proposed as a sensitive method to detect
environmental terpene analytes (as protonated terpene
species) [16–18]. Chemical ionization (CI) mass spectra
of terpenes have been reported [18] but the SCI of
terpenes has not been studied previously. We present
the first detailed studies on the SCI of -pinene and
camphene; here, SCI is referred to the formation of
[M  H] by reaction of either its fragment or M· ions
with neutral parent molecules (M).
Series of experiments were designed to answer the
following questions: (1) What are the key chemical
processes that give rise to different SCI patterns for
-pinene and camphene isomers? (2) Can we use our
experimental findings and construct a simple kinetic
model to predict SCI mass spectral patterns as a func-
tion of time and pressure?
In an SCI experiment, a given neutral analyte may
react with its molecular (M·) and various fragment (fi
)
ions to yield [M H]. Hence, to answer the aforemen-
tioned questions (1) and (2), we investigated the SCI
contributions from terpene molecular ions and various
major fragment ions. Results from three research areas
that include i- unimolecular dissociation of parent and
fragment ions, ii- reactivities of major fragment ions,
and iii- PA of -pinene and camphene, are reported.
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spectral appearances are presented.
Experimental
Instrumentation
All experiments were performed on a 7-T FT-ICR mass
spectrometer (IonSpec Corporation, Forest Lake, CA) in
the internal ion generation mode [19]. The previous
GC/FT-ICR MS studies were performed at 24 eV elec-
tron energy to eliminate ionization of the helium carrier
gas [1]. Hence, we used the same 24 eV ionization
energy for the bulk of the studies described herein. The
stored waveform inverse Fourier transform (SWIFT)
[20] was used to isolate the ions of interest. The isolated
ions were allowed to react either unimolecularly or with
chemical reagents, using the representative event se-
quences shown schematically in Figure 1. Additional
details on specific experiments are given in the text. In
some experiments, supplementary pulsed valve (PV)
and ion isolation events were used for SCI and ion
cooling (not shown in Figure 1).
Chemicals and Sample Preparation
The terpenes and chemical reagents were purchased
from Aldrich Chemical Company, Inc. (Milwaukee, WI)
and used without further purification except for con-
ventional freeze-thaw degassing procedure on the sam-
ple introduction system. Analytes were introduced into
the ICR cell through the pulsed and/or pulsed-leak [21]
valve (PLV) sample introduction systems.
ICR Cell Pressure Geometry Factor Determination
Analyte pressures were measured by a remote Granville-
Philips series 274 (Granville-Phillips, Boulder, CO)
Bayard-Alpert type ionization gauge tube (located 1
m from the ICR cell) and corrected for their relative ion
gauge chemical sensitivity (CS) [22, 23]. Estimated [24]
and literature reported molecular polarizabilities (MP)
[25] were used to correct ion gauge pressure readings
based on an MP versus CS correlation scheme [22]. In
Camphene
2
α-Pinene
1addition, a cell pressure geometry factor (gf) was ap-plied to estimate the actual analyte pressure in the ICR
cell. Here, gf is defined as (chemical sensitivity cor-
rected ion gauge pressure reading)/(actual ICR cell
pressure). The experiments to determine gf were con-
ducted under similar experimental conditions as those
used for terpene ion-molecule reactions (i.e., the EI
filament was on 3 h).
Bimolecular rate constant for the PT reaction from
CH3CO
 to acetone (CH3CO
 {m/z 43}  C3H6O ¡
CH2CO  C3H7O
 {m/z 59}) was chosen to determine
the ICR cell pressure geometry factor. An averaged ICR
literature PT reaction rate of 2.7  1010 cm3 · molec1
· s1 [26] and an ion gauge sensitivity factor of 2.5 [22]
for acetone were used to determine the present gf of
0.55 for our instrument. All bimolecular rate constants
determined in this work have been scaled using a gf 
0.55. The temperature of acetone and other neutral
reagents in the ICR cell was nominally taken as 296
(1) K, the measured ambient laboratory temperature;
all ion-molecule reactions were carried out under sim-
ilar ICR cell temperature conditions used in the deter-
mination of gf.
Data Analysis and Kinetic Schemes
The ion abundance data from IonSpec software output
were normalized to one for each reaction delay time and
analyzed using pseudo first (Scheme 1) and irreversible
two-step (pseudo) first-order consecutive decay reaction
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Q PV EI ISO1
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VUD
VUD
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ISO1Q PV EI
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Figure 1. Experimental event sequences. Common events for (a),
(b), (c), and (d) type of experiments included; Q: ion removal
(Quench), PV: pulsed valve sample introduction at 0 to 3 ms, EI: 5
ms 24 eV electron impact starting at 995 ms, ISO1: SWIFT isolation
ending at 1450 ms unless otherwise specified in text. In some
experiments, additional events were added after the ISO1. For
example, ion-molecule neutral reactants were admitted into the
ICR cell using a variable pulsed leak valve and variable ion-
molecule reaction delay (VPLVD) event. Additional details for (a)
to (d) types of experiments include (a): variable unimolecular
reaction delay (VUD) up to 2000 s for BIRD type experiments, (b):
variable ion-molecule reaction delay up to 2000 s, (c): variable
unimolecular reaction delay after first isolation (ISO1), followed by
re-isolation (ISO2) and variable ion-molecule reaction delay, (d):
combined VUD and VPLVD after the first isolation (ISO ), fol-1
lowed by re-isolation (ISO2) and a second VPLVD.
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from Origin 7.0 software (OriginLab Corporation,
Northampton, MA) were used to determine the unimo-
lecular and/or bimolecular rate constants (kx) as well as
the reactive population fractions and reaction branch-
ing ratios (Rx).
AB ¡ P1
C
Scheme 1
[A] [Aur
 ] [Ar
]0 exp(t ⁄ 1) (1a)
[Pi
]Ri·[Ar
]0 (1 exp(t ⁄ i)) (1b)
where [A] is the abundance of the A ions at a given
reaction delay time t (s), Aur  is the unreactive compo-
nent of the A ions, Ar0 is the initial concentration of
the reactive fraction of A at the end of the last ion
isolation event (e.g., end of ISO1 and ISO2 in Figure
1a–b and 1c–d, respectively), 1 is the pseudo first-
order time constant, B is either the reactant neutral
compound or ambient photons for a blackbody infrared
radiative dissociation (BIRD) type reaction, and C is
(are) the neutral product(s). The product ion profiles
were analyzed using eq 1b, where Ri and i are the
reaction branching ratio and time constant for the ith
competing product channel, respectively.
[A]¡
k1
[P1
]¡
k2
[P2
]
Scheme 2
[P1
] (2 ⁄ (12)) Ar0 (exp(t ⁄ 1)
 exp(t ⁄ 2)) (2)
For the reactions reported here, we assumed that the
intermediate species P1 had no unreactive compo-
nents. This is a reasonable assumption because all
intermediate product ions reacted away in the experi-
ments reported herein. The Origin 7 curve fitting cor-
relation coefficients for Scheme 2 type reactions were
all 0.95. Derivation of a two-step consecutive reaction
(eq 2) is given in reference [27].
Equation 2 is valid for the initial condition P1  0
at t  0 s. The zero reaction delay time (t  0 s)
corresponds to the end of the last ion isolation events in
Figure 1 and not the ionization event. Using eqs 1a and
2, the unknown parameters 1 and 2 in a two-step
ion-molecule reaction can be obtained. To extract the
unknown parameters via curve fitting of eq 2, the
following steps were employed:
Step 1: Use eq 1 and kinetic plots to find 1 and Ar
0.
Step 2: Substitute 1 and/or Ar
0 into eq 2 asconstraints, and find 2. The curve fitting kinetic resultswere examined to ensure consistency with physical
reality, e.g., Ar0  Aur   1.0 and both Ar0 and Aur 
should be within the range 0 to 1.0.
The bimolecular rate constants were calculated using
the relationship between the time constants (m) and
neutral number density [N]:
k 1 ⁄ ([N] · m) (3)
where [N] is the number density of the reactant neutral in
the FT-ICR cell (in molecules cm3) and m 1, 2, or i. The
neutral reactant pressure in the FT-ICR cell was calcu-
lated by applying the appropriate ion gauge chemical
sensitivity and cell pressure geometry correction fac-
tors. The number densities ([N]) were calculated using
standard ideal gas equations and using the corrected
values for analyte pressure. The experimental bimolec-
ular rate constants are reported with an estimated
precision of 10%.
Results and Discussion
Only representative ion-molecule and/or unimolecular
decay reactions are included in Table 1 but the results
from additional reactions are discussed in the text.
A summary of the kinetic data is organized in Table
1 to guide the relevant discussions. For example, the
unimolecular dissociation of camphene molecular ions
(Reactions 1, 2, Table 1) was studied to determine
reactive component life times. Ion-molecule reactions of
parent terpene ions were investigated to determine
reactive components and reaction rate constants for CT
and PT reactions (Reactions 3–5, Table 1). To estimate
the IE of camphene, (listed in the NIST database as
8.55 eV) unimolecularly cooled m-xylene M· was
reacted with camphene neutrals (Reactions 6, 7, Table 1).
Major terpene fragment ions (species at m/z 93 and
121) were SWIFT isolated and their CT and PT kinetics
were followed (Reactions 8–16, Table 1) to determine
their SCI contributions. Bracketing experiments were
utilized to estimate PAs (Reactions 17–22, Table 1); PAs
of the parent terpenes and conjugate bases of their
fragment ions influence the kinetics of PT in SCI. PT
reactions between SWIFT isolated (isotopically tagged)
protonated -pinene and camphene at m/z 138 (i.e., the
13C1 isotopomer of [M  H]
) with their neutral mole-
cules were studied to compare PAs and reaction kinet-
ics of these two terpene isomers (Reactions 23–25 in
Table 1).
Unimolecular and Bimolecular Reactions
of Terpene Ions
Ions not undergoing unimolecular decay. The unimolecular
reactions of camphene were investigated using experi-
mental event sequences of the type shown in Figure 1a.
The SWIFT isolated molecular ions of -pinene did not
show any measurable unimolecular dissociation prod-
Table 1. Summary of gas-phase bimolecular and unimolecular kinetic data
Rxn
no.
Ion
precursor
sample (PV)
Reactant
neutral (PLV)
Ion
isolated
(m/z)
Reaction
type
Reactant
pressure
IG (torr)
Primary product ions
or 2nd order reaction
observed (m/z)
TC
() (s)
Bimol. Rate (k)
(cm3 · molec1 · s1)
Branching ratio
(RA, RC, RCT, RIM, RPT, RU)
1 Camphene h– “cold cell” 136 U 3.0E-10 92, 94, 121 104 — 0.62
2 Camphene h– “hot cell” 136 U 3.0E-10 92, 94, 121 19 — 0.64
3 Camphene h, Camphene 136 U 2.0E-09 92, 94, 121, 137 15 — 0.68
4 Camphene h, Camphene 136 PT 2.0E-09 94 ¡ 137 45 1.7E-09 0.68
5 -Pinene -Pinene 136 CT 4.7E-09 136, 137 33 9.9E-10 1.0a
6 m-Xylene Camphene 106 CT 1.1E-09 94, 136, 137 121 1.2E-09 1.0
7 m-Xylene Camphene 106 CT 4.3E-09 94, 136, 137 32 1.1E-09 1.0
8 -Pinene -Pinene 93 PT 4.7E-09 137 78 4.2E-10 0.70
9 -Pinene -Pinene 93 CT 4.7E-09 136 12 2.7E-09 0.05
10 -Pinene -Pinene 93 C 4.7E-09 81 12 2.7E-09 0.25 (maximum)
11 -Pinene -Pinene 93 IM 4.7E-09 81 ¡ Products 625 5.2E-11 0.25
12 Camphene Camphene 93 PT 4.8E-09 137 54 5.9E-10 0.88
13 Camphene Camphene 93 C 4.8E-09 81 24 1.3E-09 0.12
14 -Pinene -Pinene 121 PT 5.0E-09 137 56 5.5E-10 0.42
15 Camphene Camphene 121 PT 5.0E-09 81, 137 29 1.1E-09 0.15
16 Camphene Camphene 121 A 5.0E-09 121 ¡ 257 3500 8.8E-12 0.85 (ofm/z 121)
17 -Pinene 5-Nonanone 137 PT 5.0E-09 143 not observed NR NR 0.00
18 -Pinene Mesitylene 137 PT 5.0E-09 121 not observed NR NR 0.00
19 Camphene NNDMF 137 PT 4.4E-09 74 10.8 1.1E-09 0.86
20 Camphene NNDMF 137 A 4.4E-09 74 ¡ 147 70 1.7E-10 0.86
21 4-Heptanone Camphene 115 PT 1.2E-09 137 179 7.2E-10 1.00
22 3-Pentanone Camphene 87 PT 1.1E-09 137 135 1.0E-09 1.00
23 -Pinene Camphene 138 PT 1.5E-08 137, 217, 273 60 1.6E-10 0.67
24 -Pinene Camphene 138 A 1.5E-08 137 ¡ 273 620 1.6E-11 0.67
25 Camphene -Pinene 138 PT 7.8E-09 137 60.5 3.3E-10 0.35
A, Association reaction; C, Condensation reaction; CT, Charge transfer reaction; IG, Ion gauge - pressure readout, uncorrected for chemical sensitivity or geometry factor; IM, Mixture of ion-molecule reactions
(e.g., A, C, etc); k, Bimolecular rate constant (cm3 · molec1 · s1); NNDMF, N,N-dimethylformamide; NR, No reaction; PT, Proton transfer reaction; TC (), Reaction time constant (s); h, Ambient photons
aThe value of [Ar
]0 calculated using Origin 7 was 0.13. However, within experimental error, all -pinene m/z 136 was reactive toward charge transfer (see text).
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fragment ions of both -pinene and camphene at m/z 93
and 121 did not show any measurable unimolecular
reactivity. The unimolecularly dissociating fraction of any
molecular ion population should be largest when the time
delay between the EI and SWIFT isolation events is the
shortest (i.e., before the ions have a chance to dissociate
appreciably). Unlike the isolated camphene molecular
ions, even at the shortest SWIFT isolation delay time of 500
ms (after the ionization event), no unimolecular dissocia-
tion products were observed for -pinene molecular ions
for up to 2000 s reaction delay.
Ions undergoing unimolecular decay. The molecular ions
of camphene, Mca
·, fragmented unimolecularly up to
400 s after the 10 ms 24 eV electron impact event
(shown in Figure 2 and summarized in Table 1,
Reactions 1, 2). The unimolecular reactions were
monitored at the base pressure of 3  1010 torr.
The main unimolecular dissociation channel for Mca
·
() was the loss of C3H6 to yield an ion at m/z of 94
( □, in Figure 2); minor channels included the forma-
tion of the ions at m/z 92 and 121 (, shown as
summed up values in Figure 2).
Initially we noted that the unimolecular dissociation
time constant () for camphene (Mca
·* m/z 136) varied
from experiment to experiment, ranging from 15 s
(“hot cell,” EI filament on for more than 6 h) to 120 s
(“cold cell,” EI filament turned off for 24 h before
acquiring data). After conducting additional control
experiments (Reactions 1 {“cold cell”} and 2 {“hot cell”}
in Table 1), it became evident that the variations in 
were due to EI filament heating, in accord with a BIRD
mechanism. The “cold” and “hot” ICR cell temporal
plots are shown in Figure 2a and b, respectively. Ions at
m/z 136 were SWIFT isolated 0.6 s after the end of the 10
ms ionization event.
In separate experiments (data not shown), the time
delay between the EI and SWIFT isolation events was
varied (0.6 s to 50 s) for the isolation of camphene m/z
136. Extrapolating the m/z 136 decay curve back to the
time of the EI event (using eq 1a in Origin 7) showed
that the unimolecularly dissociating fraction (0.65 
0.03) of the total camphene m/z 136 population (at the
time of the EI event) was independent of the ICR cell
heating by the EI filament (within experimental error).
These results suggest that there is no significant unimo-
lecular isomerization or relaxation of the unimolecu-
larly reactive camphene m/z 136 population to a unimo-
lecularly nondissociating population (or vice versa).
SCI reactions of -pinene and camphene molecular radical
cations. The reaction of SWIFT isolated -pinene rad-
ical cation, Map
·, with -pinene (Reaction 5, Table 1)
yielded m/z 137 product ions and Origin 7 curve fitting
gave a Ar0 value of 0.13. This suggests that Map·
underwent a CT reaction with -pinene neutrals to
re-establish the carbon isotopic natural abundance and
yield the 13C1 isotopomer of Map
· (11% natural isotopicabundance). The Ar0 value of 0.13 is in agreement
(within experimental error) with the expected value of
0.11 for natural isotopic abundance; these results sug-
gest that the isolated Map
· had little or no unreactive
component toward CT. The CT reaction rate constant
for Map
 (m/z 136) with -pinene to give 13C1 Map
· at m/z
137 was 9.9  1010 cm3 · molec1 · s1 (using the total
pressure for the carbon isotopomers of neutral -pinene
in the ICR cell). The corrected partial pressure of the
reactants (i.e., 13C1 neutrals) yields a higher CT rate
implying a long range and efficient charge-transfer [28].
The reaction of camphene molecular cation, Mca
·,
with camphene (Reactions 3, 4, Table 1) had a Ar0 of
0.68 (i.e., RU  0.68). Camphene, Mca
·, SWIFT iso-
lated 1.5 s after the EI event slowly dissociated to
Figure 2. Temporal plots for unimolecular decay of camphene
molecular ions at m/z 136 (): SWIFT isolated (a) 0.6 s after
electron impact ionization event at room-temperature (i.e., ICR
cell heating by the EI filament for less 15 min), and (b) 0.6 s after
electron impact ionization event and 4 h of ICR cell heating by the
EI filament. Unimolecular decay product ions at m/z 94 (□) and
m/z 92  121 () are also shown.produce a fragment ion at m/z 94 which subsequently
2031J Am Soc Mass Spectrom 2007, 18, 2026–2039 DISPARATE SCI OF -PINENE AND CAMPHENE ISOMERSreacted with neutral camphene to yield protonated
camphene, [Mca  H]
, at m/z  137. The branching
ratios for the formation of m/z 94 and all other
product ions (m/z 92 and m/z 121) from m/z 136 were
0.5 and 0.18, respectively. The rate constant for
the reaction of m/z 94 with camphene was k 	 1.7 
109 cm3 · molec1 · s1. After 200 s reaction time, no
further unimolecular dissociation of Mca
· was observed. In
the Mca
· reaction, the Mca
· unimolecular time constant of
15 s for disappearance of 136 ions (Reaction 3, Table 1) was
smaller than the pseudo first-order ion-molecule reaction
time constant of 45 s for 94 ¡ 137 (Reaction 4, Table 1); the
m/z 137 only appeared at longer reaction times in accord
with a two-step consecutive reaction of type shown in
Scheme 2.
m-Xylene CT and Variable Energy EI Experiments
An event sequence similar to that shown in Figure 1d
was used to study the CT reaction:
106·(Mm-xyl
· ) camphene ¡ 136·(Mca
·) m-xylene.
CT from SWIFT isolated thermalized m-xylene radi-
cal cations at m/z 106 (Mm-xyl
· ) to camphene occurred at
a rate of 1.2  109 cm3 · molec1 · s1 (Reactions 6, 7,
Table 1). To thermalize the isolated m-xylene molecular
cations (Mm-xyl
· ), both unimolecular cooling and colli-
sional cooling by neutrals (using additional pulse valve
events not shown in Figure 1d) were used.
The reported literature value for camphene IE is
“ 8.86 eV” but the IE of 8.55 eV for m-xylene [29]
establishes an upper limit for the camphene IE to be
8.55 eV. Presence of the camphene fragment ions at
m/z 94 (loss of C3H6 from camphene molecular cation at
m/z 136) in m-xylene CT mass spectra (not shown here)
suggests that the product camphene molecular cations
contained internal energy above their IE. Hence, the
IE of camphene should be below 8.55 eV. These
results are in qualitative agreement with the ioniza-
tion threshold observed in the photoelectron spec-
trum (PES) of camphene (8.0 eV for ionization at the
	 bond) [6].
A nominal 8 eV EI mass spectrum of camphene
contained only two major ions, m/z 94 and 136; whereas
a nominal 10 eV camphene mass spectrum had m/z 93
as the base peak and both m/z 94 (10% relative
abundance) and 136 became relatively minor peaks.
Performing low-resolution (
E  0.05 eV) variable
energy EI on camphene showed that the appearance
energy for m/z 94 was higher than the ionization energy
by 0.5 eV. The PES band gap between 	 (lowest IE)
and 
 (higher IE) ionization of camphene is 1.5 eV [6].
The literature PES data combined with our low-energy
EI camphene MS data suggests that the camphene m/z
136 ions undergoing BIRD originate from the electronic
ground state of camphene ionized at the 	 bond; the m/z
94 dissociation channel lies 0.5 eV above the ground
vibrational state.Fragment Ions of -Pinene and Camphene (m/z 93
and 121)—General Comments
We used SWIFT isolation (0.5 s after the 24 eV electron
impact event) to monitor fragment ion reactivities. The
main observed (SCI) products were protonated ter-
penes [M  H]; a minor product channel (viz. m/z 81,
Reaction 10, Table 1) was present in addition to the m/z
137 product ion channel. At longer reaction delays
(200 s) and reactant neutral pressure of 5  109
torr, condensation and association product ions were
observed (e.g., Reactions 10, 11, 13, 15, 16, Table 1).
Reactions of fragment ions at m/z 93. Figure 3 shows
temporal plots of SWIFT isolated fragment ions of
-pinene and camphene at m/z 93 () reacting with their
-pinene (Figure 3a) and camphene (Figure 3b) neutral
counterparts, respectively. The fragment ions at m/z 93
for both -pinene and camphene yielded SCI proton-
ated parent ions (Œ). The PT rate constant for -pinene
fragment ion at m/z 93 with -pinene (i.e., [93]  M ¡
[M  H]  92) was 4.2  1010 cm3 · molec1 · s1; the
PT branching ratio of m/z 93 (RPT93) was 0.70 (Figure
3a and Reaction 8 in Table 1). Other reaction channels
were m/z 81 (, RC  0.25, Reaction 10, Table 1) and a
minor charge exchange product to yield m/z 136, M·
(‘, RCT  0.05, Reaction 9, Table 1).
The -pinene product fragment ion at m/z 81 further
reacted with the neutral -pinene to yield a number of
minor condensation product ions at m/z 95, 121, and 161
at a rate of 5.2  1011 cm3 · molec1 · s1 (Reaction 11,
Table 1). The abundances of these minor product ions
were summed together and are shown in Figure 3a as
“other products” (). The PT rate constant for cam-
phene fragment ions at m/z 93 with the neutral cam-
phene was 5.9  1010 cm3 · molec1 · s1 and branch-
ing ratios for the production of protonated camphene
and other products were RPT  0.88 and RC  0.12
(Reactions 12, 13, Table 1), respectively. A minor prod-
uct channel for camphene 93 fragment ion was the
formation of m/z 81 (k 1.3 109 cm3 · molec1 · s1).
Unlike the -pinene system, the m/z 81 produced by the
reaction of m/z 93 camphene fragment ion with cam-
phene was a terminal product ion (see Figure 3b). The
terpene m/z 81 should not PT at a measurable rate in the
presence of either camphene (PA  210 kcal · mol1,
this work) or -pinene (PA  210 kcal · mol1, this
work) if the conjugate base of m/z 81 is 1-methyl-3-
methylenecyclobutene (PA  213.0 kcal · mol1 [29].
Possible candidates for the conjugate base of terpene
m/z 93 fragment ions (corresponding to the loss of
(CH3)2C and H from M
· followed by hydride shifts
and ring opening/closure) is 2,5-norbornadiene (PA 
203.0 kcal · mol1 [29] and 3-methylene 1,4-hexadiene
(PA not known). The camphene fragment ion at m/z 93
could be the result of a double fragmentation mecha-
nism: loss of a CH3 group to make an allyl cation
followed by loss of C2H4 (the ethano bridge) to give
initially 2-(CH2
)-3-(CH3)-cyclopentadiene and possibly
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have determined the identity of the EI fragment ion at
m/z 93 from selected terpenes as protonated 1,3,5-
cycloheptatriene. The PA of 1,3,5-cycloheptatriene (pro-
tonated at C-1) has been determined to be 199  1 kcal
· mol1 by FT-ICR MS [30]. Considering the available
PA [29, 30] and kinetics data (this work, the estimated
PA for either -pinene or camphene is 210 kcal ·
mol1), terpene fragment ions at m/z 93 could be either
protonated 2,5-norbornadiene, protonated 1,3,5-cyclo-
heptatriene, or a mixture of the two. It should be noted
that terpene fragment ion population at m/z 93 could
contain other species with PA values lower than 210
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Figure 3. Temporal plots showing reactions of (a) -pinene and
(b) camphene fragment ions at m/z 93 with their respective parent
neutrals at P  4.7  109 and 4.9  109 torr, respectively. The
reaction of -pinene m/z 93 () with -pinene yielded product
ions at m/z 81 (), m/z 136 (molecular cation, ‘), m/z 137 and 138
(protonated -pinene, Œ) and others (a number of low abundance
product ions at m/z 93, 95, 121, and 161 summed together as ).
The reaction of camphene m/z 93 () with camphene yielded
product ions at m/z 137/138 (protonated camphene, Œ), and m/z
81 ().kcal · mol1. In separate experiments, protonated tolu-ene at m/z 93 (PA(toluene)  187.4 kcal · mol
1) [29]
protonated both camphene and -pinene at near unit
reaction efficiency (cf. 0.3 reaction efficiency for
Reactions 8 and 12, Table 1); these results suggest that
very little or no protonated toluene was present in the
terpene m/z 93 fragment ion populations.
Reactions of fragment ions at m/z 121. Figure 4 contains
temporal plots of SWIFT isolated fragment ions of
-pinene and camphene at m/z 121 () reacting with
their neutral parent -pinene (Figure 4a) and camphene
(Figure 4b) counterparts, respectively. Approximately
42% of the -pinene fragment ions at m/z 121 (Figure 4a)
reacted with neutral -pinene to yield m/z 137 (Œ) as the
sole product channel at a rate of 5.5  1010 cm3 ·
molec1 · s1 (reaction efficiency  0.25, Reaction 14,
Table 1). Conversely, 15% (cf. 42% for -pinene) of
0 200 400 600 800 1000
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
al
iz
ed
 A
b
u
n
d
an
ce
Reaction Delay Time (s)
m/z 121
m/z 137
0 200 400 600 800 1000
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
al
iz
ed
 A
b
u
n
d
an
ce
Reaction Delay Time (s)
m/z 121
m/z 257
m/z 81
m/z 137
(a)
(b)
Figure 4. Temporal plots showing reactions of (a) -pinene and
(b) camphene fragment ions at m/z 121 with their respective parent
neutrals at P  4.7  109 torr. The reaction of -pinene m/z 121
() with -pinene yielded only product ions at m/z 137 and 138
(protonated -pinene, Œ). The reaction of camphene m/z 121 ()
with camphene yielded product ions at m/z 137/138 (protonated
camphene, Œ), m/z 81 (), and m/z 257 (’).
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phene to yield two first-order product channels, viz. m/z
81 [M  H  C4H8]
() and 137 [M  H ] (Œ), at a
rate of 1.1 109 cm3 · molec1 · s1 (reaction efficiency
 0.50, Figure 4b and Reaction 15 in Table 1). After 200 s
of reaction, the camphene m/z 121 fragment ions disap-
peared more slowly at an apparent rate (kapp) of8.8
1012 cm3 · molec1 · s1 to give an association product
ion at m/z 257 (’) (Reaction 16, Table 1). In addition,
m/z 81 reacted with camphene to give an association
product at m/z 217 [2M  H  C4H8]
 (not shown in
Table 1 or Figure 4b).
From our observations, the m/z 121 from -pinene or
camphene produced by 24 eV EI has at least three
reaction channels: a PT channel to give m/z 137, a
channel to give m/z 81, and an unreactive channel. Some
possible structures for m/z 121 ion species are discussed
below.
All of the protonated authentic mesitylene sample
(m/z 121, 100% reactive, PA(mesitylene) 199.9 kcal · mol
1)
proton transferred to -pinene and camphene at unit
reaction efficiency (data not shown in Table 1); this
reaction efficiency can be compared with the esti-
mated PT reaction efficiencies of 0.5 (or less) for
Reactions 14, 15 in Table 1. Therefore, neither -
pinene nor camphene fragment ions at m/z 121 con-
tain protonated mesitylene as a major PT reactive
component. Examination of the online NIST Chemis-
try Webbook [29] yielded no PA data for C9H12
compounds (other than mesitylene, n-propylbenzene,
and i-propylbenzene) having PAs  210 kcal · mol1.
Hence, based on the limited PA data, possible struc-
tures for the PT reactive components of terpene m/z
121 fragment ions can not be determined solely on PA
considerations.
The ion at m/z 121 could be formed from camphene
M· by the loss of a methyl group by simple bond
cleavage to give protonated bicyclo[2.2.1]heptane,
2,3-bis(methylene) and from -pinene M· by the loss of a
methyl group followed by ring opening and H shift to
yield 1,2,4-trimethylphenonium. The IE for 3,3-dimethyl-
6-methylene-1,4-cyclohexadiene (an isomer of deproto-
nated 1,2,4-trimethylphenonium, m/z 121) is 8.0 eV [29].
From the discussion below on the PA versus IE linear
correlation, the PA for 3,3-dimethyl-6-methylene-1,4-
cyclohexadiene is estimated to be higher than either
-pinene or camphene 212 kcal · mol1. Ion structures
for m/z 121 such as, 1,2,4-trimethylphenonium of possi-
bly higher conjugate base proton affinity (e.g., 215
kcal · mol1) may be responsible for the PT nonreactiv-
ity or the slow kinetics observed at long reaction times
for terpene fragment ions at m/z 121.
The M· of either -pinene or camphene could lose a
methyl group by simple bond cleavage, followed by
ring breaking, hydride, and methylene group shifts to
give protonated 3-methylene-1,5-dimethylcyclohexene.
The PA for 3-methylene-1,5,5-trimethylcyclohexene
(a terpene isomer) is 216.3 kcal · mol1 [29]. Replacing
one of the methyl groups at the 5 position by H (togive 3-methylene-1,5-dimethylcyclohexene) may re-
duce the PA marginally by 1.5 kcal · mol1 to
215 kcal · mol1 which is 3 to 5 kcal · mol1
higher than the estimated PA of either camphene or
-pinene. The presence of large unreactive fractions
(toward PT channel only) of -pinene (0.58, initial
200 s in Figure 4a) and camphene (0.85, initial 200 s
in Figure 4b) fragment ions at m/z 121 and in the
presence of their parent terpene can be accounted for
if the unreactive component of m/z 121 is protonated
3-methylene-1,5-dimethylcyclohexene; the PT chan-
nel to give protonated parent terpene is endothermic
by 3 to 5 kcal · mol1 and therefore may proceed at
immeasurable reaction rates (Figure 4).
Proton Affinities of -Pinene and Camphene
We used a PA group additivity scheme [31], PA versus IE
linear correlation [32], literature DFT calculations [33], PA
bracketing and PT kinetics to estimate the PA for -pinene
or camphene be 210  2 kcal · mol1. There is insuffi-
cient data available in the literature [29] to use a PA group
additivity scheme on -pinene or a PA versus IE linear
correlation analysis on camphene; for example, IE of
camphene is not well established [29] and PA values for
-pinene like ring structures are not readily available.
A molecule with an identical ring structure to cam-
phene (2) is 2-methylenenorbornane (3) (C8H12) but
lacking the 2 methyl substituents on the  carbon to the
CCH2 group. Unlike ketones, there is a lack of PA
data on alkenes in the literature [29] to calculate group
additivity PA increments for alkenes. Instead, we used
a ketone as a reasonable isoelectronic approximation for
an alkene. The pairs of ketones used to calculate methyl
group PA increments included: 2,2,4,4-tetramethyl-3-
pentanone and 3-pentanone (
PA  5.9 kcal · mol1
with a difference of 4 methyl groups); 2,2,4-trimethyl-
3-pentanone and 3-pentanone (
PA  4.8 kcal · mol1
with a difference of 3 methyl groups); 2,4-dimethyl-3-
pentanone and 3-pentanone (
PA  3.2 kcal · mol1
with a difference of 2 methyl groups); 3,3-dimethyl-2-
butanone and 2-butanone (
PA  3.1 kcal · mol1 with
a difference of 2 methyl groups). Considering the four
ketone pairs, an average of 1.6 kcal · mol1 for each
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group (e.g., in camphene) is isoelectronic to a ketone
group (CO) and therefore methyl substitution for H
on the -carbon for either CCH2 or CO should
show similar group PA increments.
Using methyl group additivity increments (3.2 kcal
· mol1 for two methyl groups) to ketone PA (for the
-carbon methyl group substitution) as a model and the
known PA of 2-methylenenorbornane [29], the PA of
camphene is estimated to be (205.7 kcal · mol1  3.2
kcal · mol1) 209 kcal · mol1 [31].
PA versus IE linear correlation. Aubry and Holmes
presented a brief review of the correlation schemes for
different homologous series to relate various gas-phase
thermochemical data [32]. For example, there is a linear
relationship [34, 35] between PAs and IEs for series of
oxygen compounds. In principal, this type of a linear
relationship can be extended to alkenes. A plot of
proton affinity versus adiabatic ionization energies for
model alkenes with a linear correlation coefficient of
0.97 is shown in Figure 5. Using the known IE for
-pinene of 8.07 eV [29] and performing linear regres-
sion analysis on the data in Figure 5, the PA for
-pinene is estimated as 210 kcal · mol1.
DFT calculations of PA. A DFT calculation [33] places
the PA of camphene (213.4 kcal · mol1)1 kcal · mol1
below that of -pinene (PA  214.2 kcal · mol1). It
should be noted that DFT calculated absolute PAs for
alkenes may be systematically higher and this particu-
lar deficiency in DFT has been noted by Smith and
Radom [36]. On the other hand, relative DFT calculated
PAs are generally reliable for homologues. In summary,
Figure 5. Estimating the proton affinity (PA) of -pinene (Œ)
from the linear regression plot of adiabatic IE versus PA for
alkenes (): adiabatic ionization energies for all entries and proton
affinities for labels 2 (-methylstyrene), 3 (styrene), 4 (methylene-
cyclopentane), 5 (i-butene), and 6 (propene) are from the online
Chemistry Webbook [29].both DFT calculations and PA estimations show that thePA of -pinene and camphene are comparable to within
2 kcal · mol1.
PA bracketing experiments. PT between base pairs of
pyrrole with either -pinene or camphene was not
observed in either direction (i.e., {[Pyrrole  H] 
Terpene} and {[Terpene  H]  Pyrrole} reactions at
neutral pressures of 1  108 torr and reaction delay
times of up to 500 s were immeasurably slow). This
observation suggests that the PAs of -pinene, cam-
phene or pyrrole (209.2 kcal · mol1 from reference [29]
are similar and there is a positive activation barrier
(2.7 kcal · mol1 for less than 1% reaction efficiency at
room temperature) [37] for PT.
Estimate of the lower PA value for -pinene. Protonated
-pinene did not proton transfer to 5-nonanone (PA 
204.0 kcal · mol1 [29] at an observable rate (1% extent
of reaction at the noise level) at a neutral 5-nonanone
pressure of 5.0  109 torr (ion gauge reading) and up
to 500 s reaction delay (Reaction 17, Table 1). The
corresponding estimated proton transfer reaction effi-
ciency () was 2.2  104. The estimated reaction
efficiency of   2.2  104 implies an endoergocity
(
G 	 RTln{}) of 5 kcal · mol1 for the PT reaction
from protonated -pinene to 5-nonanone [37]. There-
fore, excluding minor entropy contributions to 
G, the
PA of -pinene is estimated to be 209 kcal · mol1.
Estimate of the upper PA value for camphene. Figure 6 shows
the reaction of SWIFT isolated protonated camphene (at m/z
137, ) with N-N-dimethylformamide to yield initially pro-
Figure 6. Temporal plots for proton transfer reaction of protonated
camphene (m/z 137, ) with N,N-dimethylformamide (NNDMF) at a
neutral pressure of 4.4  109 torr. Observed ion-molecule reac-
tion products included protonated NNDMF at m/z 74 (Œ) and an
association product ion at m/z 147 (’, the protonated dimer of
NNDMF). Note that a significant fraction of protonated camphene
was unreactive toward proton transfer to NNDMF (i.e., the
conjugate base of this component must have a higher proton
affinity than the neutral NNDMF).
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quently an association product ion at m/z 147 (the proton
bound dimer of N-N-dimethylformamide, ’). Thermalized
protonated camphene was isolated 50 s after the EI/SCI
event. Protonated camphene efficiently proton transferred (k
 1.1  109 cm3 · molec1 · s1, 50% reaction efficiency,
Reaction 19, Table 1) to N-N-dimethylformamide (PA 
212.1 kcal · mol1). Excluding entropy considerations and
in the absence of activation barriers, this observation
suggests that the PA of camphene is 212 kcal · mol1.
A 50% PT reaction efficiency [37] would imply that the
gas-phase basicity of the conjugate base of protonated
camphene species and N-N-dimethylformamide are
identical.
In the PT reaction of protonated camphene with
N-N-dimethylformamide, about 15% of the SWIFT iso-
lated protonated camphene was unreactive. The unre-
active protonated camphene component noted here and
elsewhere could have resulted if the SCI protonation
exothermicity were sufficient to isomerize protonated
camphene. For example, protonation of camphene at
the secondary alkene carbon (e.g., by a low mass
fragment ion such as C3H7
 of high Brönsted acidity,
PApropene  179.6 kcal · mol
1) followed by isomer-
ization could yield a new conjugate base with a
higher PA than that of N-N-dimethylformamide.
Similar isomerization phenomenon has been ob-
served in the protonation of 1,3,5-cycloheptatriene by
strong Brönsted acids [30].
PT Reactions Between -Pinene and Camphene
It is impossible to observe directly the PT from one
protonated terpene (at m/z 137) to another isomeric
terpene by FT-ICR MS (reactant and product ions have
the same mass). One way to overcome this limitation is
to use isotope “tagging” of the reactant ion [38].
In a series of experiments, either -pinene or cam-
phene was ionized by a 10 ms 24 eV electron pulse
event after the initial 3 ms pulsed valve sample intro-
duction. Additional sample pulsed valve introductions
were used to promote extensive SCI and ion-cooling. A
longer delay time of 3.2 s for -pinene together with
additional -pinene sample introduction pulsed valve
events (cf. camphene) were required to produce abun-
dant protonated -pinene (see also Figure 7 and related
discussion).
In separate experiments, the SWIFT isolated ions at
m/z 138 (i.e., 13C1 tagged protonated terpene mole-
cules) were allowed to PT with either camphene or
-pinene neutrals to give protonated terpenes (Reac-
tions 23 and 25, Table 1). Major camphene ion-
molecule reaction products included ions at m/z 81
and 137. Higher order consecutive reaction products
were also observed in the 13C1 tagged protonated
-pinene/camphene reaction couple (Reactions 23,
24, Table 1).
Protonated 13C1 -pinene population reacted with
neutral camphene to yield protonated camphene at m/z137 (RPT  0.40), other product ions at m/z 121, 217, and
273 (RIM  0.27); the remaining 33% of protonated
13C1 -pinene were inert (RUR  0.33). The rate constant
for disappearance of protonated 13C1 -pinene was
1.6  1010 cm3 · molec1 · s1 (Reaction 23, Table 1).
The camphene m/z 137 (initial product) subsequently
reacted with the neutral camphene to produce an asso-
ciation product ion at m/z 273 [(Camphene)2  H]
 at
an apparent bimolecular rate constant of 1.6  1011
cm3 · molec1 · s1 (Reaction 24, Table 1). A minor
condensation product ion at m/z 217 [(Camphene)2  H
 C4H8]
 was also formed. The 0.67 entry for the reactive
fraction (Reaction 24, Table 1) represents the sum of all
reaction channel branching ratios of the initially isolated
protonated 13C1 -pinene (m/z 138) population. The inter-
mediate protonated camphene product ions (m/z 137)
were all reactive towards forming association (m/z 273)
and condensation (m/z 217) products.
In contrast, 35% of the protonated 13C1 camphene
(SWIFT isolated 1.4 s after the EI event) reacted with
-pinene by PT to give protonated -pinene (m/z 137) as
the sole product ion at a rate of 3.3  1010 cm3 ·
molec1 · s1 (Reaction 25 in Table 1, RPT  0.35). Based
on these PT reactions, it is difficult to ascertain whether
camphene or -pinene has the higher PA. Interpretation
of the experimental results is complicated due to (1) the
presence of unreactive 13C1 protonated terpene isomers,
(2) SCI by different fragment ions in the EI mass
spectrum of varying Brönsted acidities, (3) presence of
multiple protonation sites, (4) potential isomerization of
the protonated terpenes by neutral collisions, and (5)
potentially slow PT reaction kinetics between carbon
bases. Hence, the PT rate constants may not be useful to
calculate accurate 
G for the proton exchange between
camphene and -pinene; however, 13C1 tagging exper-
iments suggest that the gas-phase basicities of -pinene
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Figure 7. Temporal evolution of l137/l136 ratio (Terpene SCI
Pressure 3.5  108 torr). Experimentally observed (, ), and
model predicted (- - -, —) temporal evolutions of m/z 137: m/z 136
SCI ratio (RASCI) for -pinene and camphene SCI, respectively (at
corresponding natural terpene pressure of 3.5  108 torr).and camphene are comparable.
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In addition to CT and PT reactions, a number of
condensation (e.g., Reaction 10, Table 1) and association
reactions (e.g., Reactions 11, 16, 20 and 24, Table 1) were
observed at longer reaction delay times. For example,
protonated N-N-dimethylformamide (m/z 74) reacted
with N-N-dimethylformamide to yield the proton
bound dimer of N-N-dimethylformamide at m/z 147
(with an apparent bimolecular association rate constant
of 1.7  1010 cm3 · molec1 · s1, see Figure 6). In the
case of protonated pyrrole (PA  209.2 kcal · mol1)
with camphene (PA 210 2 kcal · mol1) or protonated
camphene with pyrrole, an association product ion at m/z
204 was observed (data not shown). Other minor and/or
slow reaction channels of the terpene ions with their
parent neutrals are insignificant for constructing our pre-
dictive SCI model for short delay times (e.g., 10 s after
the ionization event, see Figure 7); however, the minor/
slow reaction channels can be incorporated to our model
(discussed in the modeling section below) and predict SCI
mass spectral patterns at longer reaction delay times.
Terpene SCI Simulation Model and Comparison
with Experimental Results
SCI experiments. A series of -pinene and camphene
SCI mass spectra using two static reaction pressures of
3.5  108 and 7.0  108 torr (ion gauge readings)
were acquired at variable reaction delays (20 ms to 200 s
immediately following the 10 ms EI event). Figure 7
shows the m/z 137 to m/z 136 ratio (RASCI) as a function
of reaction delay time (0–10 s only) for SCI mass spectra
acquired at a pressure of 3.5  108 torr for both
-pinene () and camphene (Œ). Also, shown in Figure
7 are the SCI modeling results (--- for -pinene and —
for camphene).
Experimental results showed that the camphene sys-
tem was more reactive than -pinene ensemble toward
SCI; this is consistent with our previous GC/FT-ICR MS
results on SCI based differentiation of -pinene and
camphene [1]. At short reaction delays (t 15 s), the
-pinene SCI mass spectra showed higher abundance of
association ion-molecule product ions (at m/z 217 and
273) than camphene. On the other hand, the camphene
SCI mass spectra showed major SCI ions at m/z 81 and
137; the association product ions at m/z 217 (m/z 81 with
camphene) and m/z 273 (m/z 137 with camphene) ap-
peared at longer reaction delay times (t  50 s).
SCI modeling procedure. A one-step (Scheme 1, eq 4)
and a two-step (Scheme 2, eq 5 for the formation of the
intermediate product ions such as m/z 94 from cam-
phene m/z 136) type pseudo first-order irreversible
exponential decay kinetic schemes were used to calcu-
late the low mass resolution m/z 137 to m/z 136 ratio
(RASCI, eq 10). Calculations were carried out for the
parent (M) and fragment ion (F) populations to model
SCI as a function of pressure (P) and ion-moleculereaction delay time (t). The modeling was performed
using Microsoft Excel (Microsoft Office 2003).
To reduce the computational complexity, we classi-
fied the peaks in the mass spectrum into two main
categories, viz. all observed fragment ions as one frag-
ment ion fraction (F) and the molecular ion fraction (M)
as the other category. The values for F0 (fi at t  20 ms
where fi is the abundance of each fragment ion peak
{fi
·/} where the “·/” superscript denotes both poten-
tial odd and even electron fragment ions) and M0 (m/z
136 abundance) were assigned from the FT-ICR mass
spectral peak abundances (detected 20 ms after the 10
ms 24 eV EI event). The total of these two ion popula-
tion fractions makes up 100% of the observed ions (i.e.,
F0  M0  1.0 normalization).
Scheme 3 shows reaction networks for ionized
-pinene and camphene at 24 eV. The summed frag-
ment ion population ensemble (fi
) of -pinene
(91%) and camphene (92%) have either three or two
reaction channels, respectively. Namely, a PT channel
(branching ratio RPT, both -pinene {55%} and cam-
phene {80%}) to give protonated terpenes at m/z 137
(IPT137{t}, eq 4), a CT channel (total branching ratio RCT,
-pinene only {15%}) to yield terpene molecular ions
(at m/z 136, ICT136{t}, eq 7, {13%} and 137, ICT136{t},
{2%}), and an unreactive component (branching ratio
{1- RPT  RCT}, both -pinene {30%} and camphene
{20%}). It should be noted that the -pinene molecular
ions charge exchanging with -pinene neutrals do not
alter the m/z 137 to m/z 136 abundance ratio. Con-
versely, camphene ions at m/z 136 (from a total of 8%)
are either unreactive {32% or RUR  0.32} or form
protonated camphene {68%} via intermediate speciesScheme 3. Reaction networks for -pinene and camphene.
n pro
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channels}). The kinetic results obtained on the study of
the ion-molecule reactions of m/z 93, 94 (Reaction 4,
Table 1) and m/z 121 were used as a guide to assign
reasonable initial phenomenological values to the
branching ratios RPT and RCT, the proton transfer (kPT)
and charge-transfer (kCT) rate constants. An iterative
process was used to vary the initial input values to
improve the match between the experimental results
and model predictions. The best fit values for all kinetic
parameters obtained in our modeling are shown in
Table 2 and are in general agreement with the experi-
mental results shown in Table 1.
The MS Excel calculations (eqs 4–10) were formulated
in terms of reaction time constants as input (e.g., x in eqs
4–7). The pseudo first-order time constants for proton
(PT) and charge-transfer (CT) reactions were calculated at
a specified terpene pressure reading using eq 3. The
appropriate chemical sensitivity (9.0 for both -pinene
and camphene) and pressure geometry (g  0.55) factors
were used to correct the experimental value for the
pressure before using it in the model. Equations 4–9 were
used to calculate contributions to m/z 136 and 137 from F
(i.e.,  fragment ions) and M (i.e., molecular cations)
population fractions. For example, the yield of m/z 136
from the fragment ions was calculated using eq 7. The
molecular ions of -pinene do not yield significant
amount of SCI product ion [MH] at m/z 137. It was
observed that the molecular ions of camphene produced
SCI product ions only via intermediate reaction channels
(e.g., 136·* ¡ 94· ¡ 137).
The camphene molecular ion has a unimolecular
reaction channel (Ru136  0.68) with a time constant
(u136  20 s) to yield m/z 94 as the major product ion.
The EI produced terpene molecular ion abundance is
given by eq 6. The unimolecular product ions at m/z 92,
94, and 121 reacted with camphene at a phenomenolog-
ical rate of 1.4  109 cm3 · molec1 · s1 to give
Table 2. List of experimental values and kinetic parameters use
Parameter Units Camphene -Pinene
F0 — 0.92 0.91
kCT cm
3 · molec1 · s1 — 2.0  109
kPT cm
3 · molec1 · s1 5.7  1010 2.8  1010
kPT94 cm
3 · molec1 · s1 1.4  109 —
M0 — 0.08 0.09
P torr 3.5  108 3.5  108
RCT — 0.0 0.15
RPT — 0.80 0.55
RPT94 — 1.0 —
Ru136 — 0.68 0.0
CT s — 2.2
PT s 7.7 15.5
u136 s 20 —
aThe values for M0, F0, and the various SCI simulation reaction channe
eV EI event (i.e., a reaction delay time  0 s in the SCI simulation calc
bFragment ions at m/z 92, 94, and 121 refer to unimolecular dissociatio
the major intermediate product ions).protonated camphene at m/z 137. The yield of ions atm/z 92, 94, and 121 (denoted as I94{t} since 94 is the
major intermediate product ion), is calculated using eq
5 [27]. The total yield of m/z 137 was calculated using eq
9 that includes the 13C1 isotopomer contribution from
m/z 136 (0.11 abundance of m/z 136). The term (M0 
Iu136{t} - I94{t}) in eq 9 is the yield of m/z 137 produced
from m/z 136 of camphene or -pinene (Ru and u136 for
-pinene are near zero and infinity, respectively). The
terms Itotal136(t) and I94(t) represent the relative abun-
dances of m/z 136 and m/z 94, respectively. A summary
of the values for all parameters used in the RASCI
calculation is provided in Table 2.
IPT137(t)RPT F0 (1 exp(t ⁄ PT)) (4)
I94(t)Ru94M0 (exp(t ⁄ u94)
 (exp(t ⁄ PT94))PT94) ⁄ (u94PT94) (5)
Abundance of the EI produced M· (m/z 136, eq 6) at
any time (I136{t}) is a combination of the unreactive
fraction of M· plus the surviving M·* (i.e., ions that
have not undergone unimolecular dissociation).
Iu136(t) ((1Ru136)M0) (Ru136M0
 exp(t ⁄ u136)) (6)
However, ions at m/z 136 are also produced by
charge-transfer from the fragment ions; eq 7 can be used
to calculate the number of ions produced by charge-
transfer (ICT136{t}) at any time:
ICT136(t)RCT F0 (1 exp(t ⁄ CT)) (7)
To calculate the total abundance of ions at m/z 136
(Itotal136{t}), contributions from eqs 6 and 7 can be added:
model SCI
Parameter description or commentsa
of all fragment ion abundances ( of all MS peaks  1)
enomenological charge transfer (CT) rate constant (RC) for
 fragment ions
enomenological proton transfer (PT) RC for  fragment ions
enomenological PTRC for 92, 94, and 121 fragment ionsb
olecular ion abundance ( of all MS peaks  1)
n gauge pressure reading (uncorrected for CS and gf)
branching ratio of  fragment ions
branching ratio of  fragment ions
branching ratio of 92, 94, and 121 fragment ionsb
nimolecular dissociation branching ratio of M·
enomenological CT time constant for  fragment ions
enomenological PT time constant for  fragment ions
olecular ion unimolecular dissociation time constant
ching ratios listed in Table 2 refer to a time 20 ms after the 10 ms 24
ns).
ducts from camphene molecular ions at m/z 136 (ions at m/z 94 wered to

Ph
Ph
Ph
M
Io
CT
PT
PT
U
Ph
Ph
M
l bran
ulatioItotal136(t) Iu136(t) ICT136(t) (8)
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transfer reaction contributions can be use to calculate
the abundance of m/z 137 (Itotal137{t}):
Itotal137(t) (0.11 Itotal136(t)) (IPT137(t))
 (M0 Iu136(t) I94(t)) (9)
Finally, the m/z 137:136 ratio (RASCI) can be calcu-
lated be dividing eq 9 by eq 8:
RASC1(t) Itotal137(t) ⁄ Itotal136(t) (10)
Comparison of experiment with SCI modeling. The ion
gauge pressure reading of 3.5 108 torr was corrected
for chemical sensitivity and the instrument geometry
factor to construct the modeling plots shown in Figure
7. Both experiment (, ) and modeling (- - -, —)
clearly show that -pinene undergoes SCI less readily
than camphene as monitored by RASCI(t). Additional
set of experimental data at experimental camphene and
-pinene pressure of 7.0  108 torr confirmed the
validity of the SCI model (data not shown in Figure 7).
Our model did not include relatively minor contribu-
tions from condensation, hydride abstraction, associa-
tion, and other ion-molecule reaction channels that may
alter marginally the m/z 136 and m/z 137 abundances for
reaction delays less than 15 s. Terpene pressure in the
ICR cell and reaction delay time of 4 s from our
previous GC/FT-ICR MS1 work are within the applica-
ble range of the current model. At longer reaction
delays (15 s), the SCI model used here predicted
smaller camphene RASCI values compared with the
experimental data; this underlines the importance of
minor and/or slow reaction channels at longer reaction
delays.
Conclusions
Based on the kinetic results presented in this paper, a
simple model was constructed to predict SCI mass
spectral patterns for -pinene and camphene molecular
ion region as a function of reaction delay time and
analyte pressure.
Neither -pinene nor camphene molecular ions
yielded SCI products directly. Camphene unimolecular
dissociation produced intermediate ions (e.g., at m/z 94),
which subsequently protonated neutral camphene;
however, these reaction channels represented only a
small fraction of the observed SCI product at m/z 137.
The -pinene molecular cation was inert toward SCI.
Terpene fragment ion reactions were the main factors
determining the SCI mass spectral patterns for M and
M 1 regions of both -pinene and camphene terpenes.
Thermalized m-xylene molecular ions (IE  8.55 eV)
charge transferred to camphene efficiently (k  1.2 
109 cm3 · molec1 · s1), implying a camphene ioniza-
tion energy of 8.55 eV. This IE value for camphene is
lower than the upper limit of 8.86 eV reported andcloser to -pinene’s reported IE  8.07 eV [29]. More-
over, the PES ionization threshold of 8.0 eV for
camphene [6] qualitatively agrees with our m-xylene
charge-transfer data as well as ionization and appear-
ance energy measurements on camphene.
The proton affinities of camphene and -pinene are
comparable. Based on our experimental results, the
proton affinities of camphene and -pinene are conser-
vatively estimated to be within the range 210  2 kcal
· mol1. Future work focusing on using the thermo-
kinetic method of Bouchoux [37] and FT-ICR equilib-
rium proton transfer experiments combined with ab
initio calculations may provide more accurate PA
values.
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